Purpose: To prospectively investigate whether a rapid dynamic MRI protocol, in conjunction with pharmacokinetic modeling, could provide diagnostically useful information for discriminating biopsy-proven benign lesions from malignancies.
Purpose: To prospectively investigate whether a rapid dynamic MRI protocol, in conjunction with pharmacokinetic modeling, could provide diagnostically useful information for discriminating biopsy-proven benign lesions from malignancies.
Materials and Methods:
Patients referred to breast biopsy based on suspicious screening findings were eligible. After anatomic imaging, patients were scanned using a dynamic protocol with complete bilateral breast coverage. Maps of pharmacokinetic parameters representing transfer constant (K trans ), efflux rate constant (k ep ), blood plasma volume fraction (v p ), and extracellular extravascular volume fraction (v e ) were averaged over lesions and used, with biopsy results, to generate receiver operating characteristic curves for linear classifiers using one, two, or three parameters.
Results: Biopsy and imaging results were obtained from 93 lesions in 74 of 78 study patients. Classification based on K trans and k ep gave the greatest accuracy, with an area under the receiver operating characteristic curve of 0.915, sensitivity of 91%, and specificity of 85%, compared with values of 88% and 68%, respectively, obtained in a recent study of clinical breast MRI in a similar patient population.
Conclusion: Pharmacokinetic classification of breast lesions is practical on modern MRI hardware and provides significant accuracy for identification of malignancies. Sensitivity of a two-parameter linear classifier is comparable to that reported in a recent multicenter study of clinical breast MRI, while specificity is significantly higher. BREAST MRI INTERPRETATION involves the evaluation of both morphologic features and qualitative enhancement kinetics of lesions (1) (2) (3) . Unfortunately, optimization of spatial resolution (for lesion morphology) and temporal resolution (for contrast kinetics) both decrease signal, so a compromise must be struck balancing the two. Recent work looking at the impact of improving spatial resolution demonstrated that an imaging protocol with 0.6 Â 0.8 mm in-plane resolution and 116-s temporal resolution resulted in significantly superior diagnostic accuracy relative to the use of a protocol with 1.25 Â 1.25 mm in-plane resolution and 69-s temporal resolution (4) . Because the sampling time needed for characterization of contrast kinetics is significantly shorter than this (5, 6) , neither of these sequences was sufficiently rapid to accurately estimate pharmacokinetic parameters and no attempt was made to do so, and it remains an open question what benefit, if any, is provided by acquisition of high temporal resolution breast MRI data.
The purpose of this study was to prospectively investigate whether use of an imaging protocol with substantially higher temporal resolution than is typical for clinical breast dynamic contrast-enhanced (DCE) MRI, in conjunction with quantitative pharmacokinetic modeling, could provide diagnostically useful information for discriminating biopsy-proven benign lesions from malignancies.
MATERIALS AND METHODS

Study Design and Inclusion Criteria
We performed a prospective study in 78 patients referred to breast biopsy based on suspicious mammogram, ultrasound, and/or clinical breast exam.
Participants were eligible for inclusion in the study if they were female and at least 18 years of age, had been referred to breast biopsy independent of any MRI findings, and had no contraindications to MRI scanning or Gd-based contrast agent administration. Consecutive patients meeting the enrollment criteria were given the opportunity to enroll in the study, and all lesions that were scheduled for biopsy (including multiple lesions, either ipsilateral or contralateral, in individual patients) were included. Before the biopsy procedure, patients underwent a modified bilateral breast MRI protocol, described in detail below. After biopsy, imaging findings corresponding to the biopsy site were correlated with pathology. The resulting pharmacokinetic parameters and biopsy results were used to generate receiver operating characteristic (ROC) curves for linear classifiers using only the contrast kinetic data. Area under the ROC curve (AUC) was used as a statistical figure-of-merit for evaluating classifier performance. The study design was approved by our institutional review board, and patients gave informed written consent after the design and purpose of the study had been explained to them.
Validation of Diagnoses
The final pathologic diagnosis was made following standard procedures for our institution. All pathologists were blinded to study participation status and DCE-MRI results. Tissue specimens were obtained from stereotactic or ultrasound-guided core needle biopsies, wire-localized excisional biopsy, or mastectomy. Pathologic diagnosis used specimens obtained from the initial core biopsy except when the patient subsequently underwent mastectomy, in which case the mastectomy specimens provided the definitive diagnosis.
MR Imaging Protocol
A consistent MRI protocol was followed for all patient scans, performed on a 1.5 Tesla (T) Siemens Avanto scanner with a seven-channel bilateral breast coil (In Vivo Corp.). The protocol consisted of standard T1-weighted axial and sagittal T1-and fat-saturated T2-weighted scans that were identical to the noncontrast portion of the standard clinical breast imaging protocol at our institution. Dynamic imaging was then performed with 9.2-19.7 s time resolution per frame using a fast three-dimensional (3D) spoiled gradient echo (SPGR) sequence (T R /T E /a ¼ 2.54 ms/1.09 ms/ 10 degrees, 256 Â 104 matrix in the coronal plane giving 1.5-mm isotropic resolution). Sufficient slices (between 60 and 128) were obtained to achieve coverage of the breast from nipple to chest wall. Partial (6/8) Fourier encoding was used in both the phase and slice encoding directions to decrease image acquisition time. Five to 10 precontrast baseline scans were acquired, followed by injection of 20 mL of gadodiamide contrast agent (Omniscan [gadodiamide], Amersham Health) through an 18-ga IV inserted into the antecubital vein. Contrast injection, using a power injector (MedRad Spectra-Solaris), was performed at a constant rate of 4 mL/s, followed by a flush of 20 mL of saline injected at 2 mL/s. Dynamic data were acquired for a total of 8-10 min.
Pharmacokinetic Modeling
The initial step in determination of pharmacokinetic (PK) parameters was conversion of measured signal into contrast concentration versus time curves. This was accomplished by numerical solution of the theoretical relative signal enhancement, (S-S0)/S0, for an SPGR pulse sequence, as described in Section 2 of Schabel and Parker (7) . Both longitudinal and transverse relaxation rates were assumed to vary linearly with concentration, and contrast relaxivities were taken from literature values (8) . The precontrast longitudinal relaxation time, T 1,0 , was set to a value of 820 ms, appropriate for breast parenchyma (9) . An extended Kety model (10, 11) incorporating parameters for the transfer constant representing permeabilitysurface area product (K trans ), the contrast efflux rate constant (k ep ), and fractional blood plasma volume fraction (v p ):
, was fit to the resulting concentration-time curves, C t (t), for each voxel. Extracellular extravascular volume fraction was computed as v e ¼ K trans /k ep . The absence of major arteries in the breast makes it difficult to measure the arterial input function (AIF) without significantly increasing acquisition time, so a population-averaged AIF was used to model the timedependent contrast concentration in the blood plasma, C p (t). This model AIF, derived from studies in other tumor patients performed at our institution with an identical injection protocol to the one used for this study, is similar to a recently published empirical AIF (12) . Peak blood plasma concentration was normalized to total contrast dose per kg of body mass and computed using an assumed hematocrit value of 0.45. Bolus arrival time was allowed to vary between 0 and 30 s, giving an independently estimated fourth parameter accounting for the time delay between bolus injection and its arrival in the breast. Data from each non-noise voxel (voxels for which the mean precontrast signal was at least three standard deviations above the mean signal in a manually identified extracorporeal region of interest [ROI] ) in the imaging volume were fit independently, resulting in 3D maps of the pharmacokinetic parameters covering the full volume of both breasts. The regression covariance matrix, computed using concentration measurement uncertainties derived from analysis of the SPGR signal equation, was used to generate corresponding maps of uncertainty in estimated pharmacokinetic parameter values (7).
Determination of ROIs
Significance masks were generated for each parameter by selecting voxels for which the measured parameter values exceeded the measurement uncertainty, determined as described above. For K trans and v p , fitting of voxels dominated by noise results in values that trend toward zero, so masking of these parameters is not critical. In contrast, k ep estimates can become spuriously large for noisy data. For this reason, the k ep significance mask was used to define lesion ROIs. To minimize speckle noise in the resulting mask, small clusters less than eight voxels in volume (27 mm 3 ) were pruned from the mask using an automated cluster labeling algorithm.
Placement of ROIs on the PK parameter maps was based on lesion location as noted in the initial screening and/or biopsy reports. ROIs were generated from the k ep significance mask using a 3D region-growing algorithm with the starting seed placed manually. Because contrast enhancement kinetics in blood vessels can mimic that in tumors, blood vessels identified in the precontrast anatomic images were manually pruned from the resulting ROIs. Median value and interquartile range for the four PK parameters were computed by averaging over the entire 3D lesion ROIs. Image processing and statistical data analysis were performed with the OsiriX open source DICOM viewer using custom plugins (www.osirixviewer.com), MATLAB (The MathWorks Inc.), and Mathematica (Wolfram Research Inc.).
ROC Curves
We generated ROC curves for classification using each of the four PK parameters using a standard method (13) . We also considered the four unique linear classifiers that can be generated from independent pairs of these parameters: K trans and k ep , K trans and v p , k ep and v p , and v p and v e , as well as the linear classifier using all three independent PK parameters: K trans , k ep , and v p . Combinations of K trans and k ep with v e were not evaluated because of the dependency suggested by the constitutive relationship v e ¼ K trans /k ep . For any two paired parameters, p 1 and p 2 , ROCs were computed by applying the method referenced above to the linear combination p ¼ p 1 cos y À p 2 sin y for y varying from À180 degrees to 180 degrees in one degree increments. For each y, the area under the ROC curve was computed by trapezoid rule integration. The best possible linear classifier was then determined by maximizing the AUC as a function of y. A similar algorithm was implemented using two angles for the three parameter case: K trans , k ep , and v p .
RESULTS
Seventy-eight patients met enrollment criteria and gave informed consent to participate in this study. The mean age of the participants was 45. 
MR Imaging
DCE-MRI data of acceptable quality was obtained in 74 of the 78 patients enrolled. Of the four whose data were rejected, one was eliminated due to an incorrect imaging protocol, one due to excessive patient motion, one due to claustrophobia, and one due to scanner hardware failure. Precontrast signal-to-noise ratio for the dynamic scans was generally between 10 and 15 in lesions. In the majority of biopsied lesions (61/93), an ROI corresponding to enhancement in the biopsied region of the breast could be identified. In the remaining 32 lesions, nothing was identifiable on the significance mask and PK parameter values were set to zero. All lesions that proved to be atypical or malignant were prospectively identifiable in the PK maps. Data from seven patients required additional manual pruning of the region-growing ROI to isolate the identified lesion, typically as the result of elevated contrast enhancement in the uninvolved breast parenchyma. In these cases, a threshold K trans value of 0.04/min was used to define lesion ROI boundaries. Chisquared values for the pharmacokinetic model regressions were essentially indistinguishable between normal breast parenchymal tissues, benign lesions, and malignancies, indicating that the model fits were comparably good across all tissues investigated. Figure 1 . Lesion-averaged concentration-time curves are plotted for three study patients: one with no pathologic changes (normal breast parenchyma, corresponding to patient A in Fig.  2 ), one with biopsy-proven fibroadenoma (corresponding to patient C in Fig. 2 ), and one with biopsy-proven invasive ductal carcinoma (corresponding to patient F in Fig. 2 ).
Lesion-averaged concentration-time curves are shown in Figure 1 for normal breast parenchyma (no observed pathologic changes on biopsy, corresponding to Patient A in Figure 2 ), fibroadenoma (corresponding to patient C in Fig. 2) , and invasive ductal carcinoma (corresponding to patient F in Fig. 2 ). Curves in this figure were time-shifted so that the bolus arrival times were synchronized between patients. Figure 2 shows T1-weighted (first row) and fat-saturated T2-weighted (second row) anatomic images acquired in the sagittal plane in six patients, labeled A-F, along with spatially co-registered, sagittally reformatted maps of the K trans (third row) and k ep parameters (fourth row). Patient A was diagnosed with benign fibrocystic disease, and patients B and C with benign fibroadenomas. Patient D was found to have a small focus of ductal carcinoma in situ near the chest wall, while patients E and F both were diagnosed with invasive ductal carcinoma. Maps of k ep were masked as described above, but the masks used for displayed images were not manually pruned. Artifacts in k ep arising from chest wall motion and lung tissue in the field of view are visible in the data on patients C and D, and blood vessels adjacent to the tumor are visible as small foci in the data from patient F.
Data Analysis
Median value and interquartile range computed for lesion-averaged pharmacokinetic parameters are given in Table 1 . The upper portion shows results for biopsy-proven benign lesions, separated into five categories: lesions with no visible abnormality, visible lesions, papillomas, fibroadenomas, and other. The lower portion of the table shows results for atypical lesions (including atypical papilloma, atypical apocrine metaplasia, atypical ductal hyperplasia, and LCIS), and malignant lesions (including DCIS, ILC, and IDC), both aggregated and separately. Atypical lesions were grouped with malignant lesions because these lesions are often associated with elevated risk for cancer (relative risk of 3.9-13) (14-16). In the case of atypical hyperplasia, many (14-31%) (17) (18) (19) (20) are found to be malignant on excisional biopsy, and it is conventional to perform excisional biopsy of proliferative lesions with atypica, including ductal or lobular hyperplasias and LCIS.
An unequal variance t-test was applied to the lesion-averaged values of the four PK parameters given in Table 1 trans , is indicated by the dashed gray line. It is also important to note that, because the lesions with atypia observed in our study all lie near the optimal linear classifier line, grouping them with benign lesions has little effect on AUC (for example, for the two-parameter linear classifier using K trans and k ep , the AUC actually increases slightly, to 0.921).
DISCUSSION
The observation that K trans , k ep , and v p are all elevated in breast tumors is consistent with the results of numerous studies in a range of cancers (21) (22) (23) (24) . Early studies in breast cancer also found elevated values of K trans and k ep when using a two-compartment model without a direct vascular term (25, 26) . Our data demonstrate that quantitative pharmacokinetic modeling with adequate spatial and temporal resolution and full bilateral breast coverage is feasible with modern MRI hardware and that these data can be used to Table 1 Median Values of Lesion Volume and Lesion-Averaged Pharmacokinetic Parameters, With Interquartile Ranges Given Parenthetically
Benign 60 0.00 (0.00-0.22) 0.00 (0.00-0.04) 0.00 (0.00-0.16) 0.0 (0.0-0.4)% 0 (0-21)% No abnormality visualized 32 a n/a n/a n/a n/a n/a Visible benign lesions discriminate between benign and malignant lesions with high sensitivity and specificity. Linear classifiers using K trans , k ep , v p , or v e alone all provide accuracy for lesion characterization, with a 100% negative predictive value (NPV) for lesion-averaged values of K trans < 0.04/min or k ep < 0.11/min. The combination K trans and k ep provides somewhat increased discriminating power and is quite insensitive to the slope of the classifier line, with the AUC remaining above that of the second best pair of PK parameters (k ep and v p ,) for linear slopes between À0.39 and À8.66. This robustness reflects the fact that both K trans and k ep alone are both relatively good independent classifiers.
Values for the sensitivity and, particularly, specificity of breast MRI reported in the literature vary widely (27) , likely a reflection of variations in imaging protocols, institutional expertise, evolving methodologies, and heterogeneous study populations. A recent, large multicenter trial, with eligibility criteria that were essentially identical to ours, evaluated the accuracy of conventional breast MRI with radiologist interpretation based on morphology and qualitative assessment of enhancement characteristics. That study reported an overall sensitivity of 88.1% and specificity of 67.7% in 821 patients (28) . In comparison, our twoparameter discriminator alone, without interpretation by a radiologist, yields a sensitivity of 91%, a specificity of 85%, a positive predictive value (PPV) of 94%, and an NPV of 77%. Future investigations are planned to assess how incorporation of radiologist interpretation of morphology and contrast kinetics impacts overall diagnostic performance when combined with the method reported here.
Parametric modeling of DCE-MRI data in the breast has been performed by several other investigators (9, (29) (30) (31) . Our method differs from previous work in that bilateral full-breast coverage is obtained at sufficiently high spatial and temporal resolutions to enable simultaneous morphologic and pharmacokinetic analysis. In addition, our modeling methodology incorporates a vascular term, is performed using bolus contrast injection with variable bolus arrival time and a realistic model input function, and accurately treats both signal nonlinearity with concentration and propagation of errors.
A recent retrospective study investigating the effect of temporal sampling on the performance of breast DCE-MRI in 500 patients using empirical analysis of the concentration-time curves found that decreasing the acquisition time per frame from 60 s to 15 s led to significant increases in the area under the ROC curve (32) . Consistent with our observations, they reported that contrast wash-out was most strongly predictive of malignancy (AUC of 0.85 at 15-s sampling interval), followed by contrast wash-in (AUC of 0.72 at 15-s sampling interval). The former value is comparable to our AUC of 0.894 for k ep alone, whereas our AUC of 0.878 for K trans alone is notably higher than that for the wash-in AUC, as is our AUC of 0.915 for the linear combination of K trans and k ep . This suggests that pharmacokinetic modeling may provide additional diagnostic accuracy beyond qualitative analysis of curve shape.
Study Limitations
This study had several limitations. First, while the data presented were acquired quite rapidly by the standards of conventional breast MRI, our temporal resolution is still near or above the limit where PK parameters, particularly K trans and v p , can be accurately estimated (6, 33, 34) . The referenced studies suggest that sampling intervals should be less than 10 s for accurate estimation of K trans and k ep , and no longer than 6 s for v p with bolus contrast injection. It is likely that decreasing sampling time without corresponding loss of signal-to-noise ratio would lead to improved accuracy in parameter estimates, although the ramifications of doing so for diagnostic accuracy are unknown. There is an extensive and rapidly growing literature on methods using different k-space undersampling schemes for rapid dynamic imaging, which could potentially be adapted to breast imaging to allow further improvements in data acquisition rate. Because the first-pass peak duration is short relative to our current sampling time, the greatest improvement is to be expected in estimation of the blood plasma volume fraction, v p . Second, potential biases in concentration measurements arising from variation of longitudinal relaxation time from the trans þ 0.63k ep ! 0.235, providing 91% sensitivity and 85% specificity for lesion classification (94% PPV, 77% NPV), is shown by the dashed gray line assumed value for breast parenchyma were also not considered in this study. Similarly, deviation of the true flip angle from its nominal value was neglected. Third, scan timing relative to menstrual cycle was not controlled for, leading to the possibility that the data could have been biased in some patients. It is known that menstrual phase can significantly impact enhancement patterns in the breast (35) (36) (37) . Because patients were already scheduled for biopsy procedure before enrollment in the study, the time interval between MRI and biopsy was fixed (ranging from 1 h to several days). Nevertheless, as imaging during the secretory phase of menstruation is generally recognized to degrade the accuracy of breast MRI, the performance of the methods described here would likely be improved by restriction of imaging to the early phase of the menstrual cycle.
Practical Applications
The results presented here demonstrate that pharmacokinetic modeling of contrast enhancement in the breast is feasible with modern, unmodified, MRI scanner hardware and allows discrimination between benign and malignant lesions with high sensitivity and specificity, independent of radiologist interpretation of lesion morphology and/or qualitative contrast kinetics. Unlike conventional interpretation of breast MRI data, the pharmacokinetic modeling approach provides a quantitative algorithm for classifying suspicious breast lesions. As such, it is potentially amenable to automation (e.g., incorporation into a computer-aided detection system), which could significantly simplify and streamline the currently complex and time-consuming process of reading breast MRIs. In addition, pharmacokinetic modeling appears to have the potential to substantially improve the specificity of breast MRI over current methods of interpretation, and could reduce the false positive rate of clinical breast MRI without sacrificing its sensitivity for detection of lesions occult to other breast imaging modalities.
